We study the Kondo effect of a two-orbital vertical quantum dot (QD) coupled to two ferromagnetic leads by employing an equation of motion method. When the ferromagnetic leads are coupled with parallel spin polarization, we find three peaks in the single-particle excitation spectra. The middle one is the Kondo resonance caused by the orbital degrees of freedom. In magnetic fields, the Kondo effect vanishes. However, at a certain magnetic field new two-fold degenerate states arise and the Kondo effect emerges there. In contrast, when the ferromagnetic leads are coupled with antiparallel spin polarization, the Kondo effect caused by the spin (orbital) degrees of freedom survives (is suppressed) in magnetic fields. We investigate the field dependence of the conductance in the parallel and antiparallel spin polarizations of the leads and find that the conductance changes noticeably in magnetic fields.
I. INTRODUCTION
The Kondo effect, which was originally studied in dilute magnetic alloys, is a typical phenomenon caused by local electron correlation. Recent progress on nanoprocessing techniques has enabled us to observe the Kondo effect in quantum dot (QD) systems 1, 2 . Since the QD system has many tunable parameters, various aspects of the Kondo effect can be controlled. For instance, the multiorbital Kondo effect realized in vertical QDs 3,4 and carbon-nanotube QDs 5, 6 has attracted much interest. In particular, in a vertical QD, the confinement potential yields multiply degenerate single-particle QD energy levels called the Fock-Darwin states [7] [8] [9] , which are regarded as effective orbital degrees of freedom. The degeneracy of the QD states in the confinement potential can be controlled with external magnetic fields. The introduction of the orbital splitting of the QD energy levels realizes a crossover from the SU(4) to the SU(2) Kondo effect, which results in characteristic transport properties [10] [11] [12] [13] [14] . In the SU(4) Kondo effect, a higher Kondo temperature than that in the SU(2) Kondo effect was observed in experiments [4] [5] [6] .
Spin-dependent current in metallic leads is another interesting topic in relation to QD systems. Recently, there have been a number of experimental studies of QD systems coupled to ferromagnetic leads in the context of spintronics [15] [16] [17] [18] . The splitting and restoration of the Kondo peak has been observed in experiments on a C 60 QD system 15 and a semiconductor QD system, which are coupled to ferromagnetic leads 16, 17 . There have been extensive theoretical studies on a single-orbital QD coupled to two ferromagnetic leads [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . When the spin polarization of the two ferromagnetic leads is parallel, the Kondo effect caused by the spin degrees of freedom is suppressed even in the absence of magnetic fields. On the other hand, the Kondo effect remains when the spin polarization of the two ferromagnetic leads is antiparallel [25] [26] [27] . These results motivated us to investigate a multiorbital QD coupled to ferromagnetic leads. One can expect that the interplay between the spin polarization and the multiorbital effects causes characteristic features of the Kondo effect and the related transport properties. For example, in a two-orbital QD coupled to ferromagnetic leads, the appearance of the underscreening Kondo effect was discussed 31 . In carbon nanotube QD, the influence of ferromagnetic leads on the shot noise was analyzed 32 .
In this paper, we investigate the Kondo effect of a two-orbital vertical QD coupled to two ferromagnetic leads. By employing an equation of motion (EOM) method 20, 25, 28, 30, 33, 34 , we calculate the single-particle excitation spectra (SPES) of the localized electron in the QD and the conductance. The SPES for several spin polarization values are discussed in connection with the splitting of the QD energy levels obtained by the poor man's scaling approach 26, 27, 35 . We also investigate the effects of the orbital splitting caused by magnetic fields on the SPES. The conductance is shown as a function of the orbital splitting. This paper is organized as follows. In Sec. II, we outline the model and the methods. We consider a QD with two orbitals coupled to two ferromagnetic leads. The system is modeled as a two-orbital Anderson impurity Hamiltonian where the conduction electrons have a spin dependent density of states (DOS). We outline an EOM method and a poor man's scaling approach. In Sec. III, we show the results. In the SPES for the parallel spin polarization of the leads, we find that three peaks appear and the middle one is located close to the Fermi energy. It is considered that this is a Kondo resonance caused by the orbital degrees of freedom. When a magnetic field is applied, the energy levels of the QD split and the Kondo effect disappears. However, in a certain magnetic field two energy levels cross and the Kondo effect emerges again. We discuss the conductance as a function of the energy-level splitting of the QD. A summary is provided in Sec. IV.
II. MODEL AND METHODS
A. Two-orbital quantum dot coupled to ferromagnetic leads
We consider a single QD with two-orbital degrees of freedom coupled to two ferromagnetic leads. The system is described by the following Hamiltonian,
where c
iklσ annihilates (creates) a conduction electron with wave number k, spin σ, and orbital l in the lead i (=L, R), ε l is the QD energy level for orbital l, d
annihilates (creates) a localized electron with spin σ and orbital l in the QD, and n lσ = d † lσ d lσ . Intraorbital and interorbital Coulomb interactions are expressed by U and U ′ , respectively, and V iklσ is the tunneling amplitude between the leads and the QD. We set U and U ′ ≫ |ε l | as realized in many QD systems, so that the double occupancy of the QD electron is forbidden and the electron number is at most unity. Therefore, we can neglect the effects of the exchange interaction. We assume that the orbital states in the QD hybridize with the corresponding conduction channels in the leads. Although the assumption of multiple conduction channels is nontrivial, it is known that this is relevant for certain systems, e.g. vertical QD systems and carbon nanotube QD systems [3] [4] [5] . The spin polarization of the ferromagnetic leads is defined by p = (ρ ci↑ − ρ ci↓ )/(ρ ci↑ + ρ ci↓ ), (0 ≤ p ≤ 1), where ρ ciσ is the spin dependent DOS of the conduction electron in the lead i (=L, R), which is assumed to be independent of orbital l. We use the energy-independent constant ρ ciσ , which is reasonable in the wide-band limit. For a parallel magnetic (P) configuration, the relative orientation of the magnetic moments in the two ferromagnetic leads is parallel as shown in Fig. 1(a) . Both DOSs in the leads L and R are defined by ρ cLσ = ρ cRσ = [1 + (δ σ,↑ − δ σ,↓ )p] ρ 0 with ρ 0 being the DOS of the leads at p = 0. For an antiparallel magnetic (AP) configuration, as shown in Fig. 1(b) , the DOSs in the leads L and R are defined by
In a vertical QD system, the single-particle energy level of the QD in a magnetic field can be described as the Fock-Darwin state. The energy levels of two orbitals are split into two levels, ε 1 and ε 2 , in magnetic fields. We model this splitting as
where ε 0 is the center of the QD energy level and ∆ orb is the splitting width. We call ∆ orb the orbital splitting in the following. Because of the small g factor in semiconductors, the Zeeman splitting of the semiconductor QD system is much smaller than ∆ orb in a magnetic field, so that we can ignore the effects of the Zeeman splitting 10 . We thus obtain the field dependence via the ∆ orb dependence using the Fock-Darwin energy diagram 9 .
B. Equation of motion method
We calculate the retarded Green's function G r lσ (t) = −iθ(t) {d lσ (t), d † lσ (0)} for a localized electron of the QD. For this purpose, we employ an EOM method. We perform the straightforward EOM calculations until the second iterative procedure. In the third iterative EOM procedure, we use the approximation which successfully yields the closed equations of the higher-order Green's functions in a single-orbital QD system 33, 34 . In addition to this approximation, we include the higher-order terms expressing the scattering processes of the electrons in the same orbital with different spins, and in the different orbitals with the same and different spins. We neglect the higher-order terms expressing other higher-order scattering processes. Details of the calculations are described in Appendix.
In the condition of the strong interactions U and U ′ ≫ |ε l |, we obtain the equations for the Green's function as
where
, (7) with σ being the opposite spin state to σ and l being the different orbital state from l. The Fermi energy is set at ω = 0. The self-energy Σ The electron number n lσ is determined using the equation,
In this way, we complete the self-consistent loop which consists of Eqs. (3)- (8) .
To improve the numerical results quantitatively, we have further introduced the second self-consistent loop. By analogy with the self-consistent procedure used for a single-orbital QD coupled to ferromagnetic leads 20 , we have replaced the bare QD energy splittings in Σ 
where ∆ε 1 lσ denotes the difference between the QD levels of the same orbital with different spins, and ∆ε 2 lσ and ∆ε 3 lσ denote the difference between the QD levels of a different orbital with the same and different spins, respectively. At ω =ε lσ determined self-consistently in Eq. (12), the real part of the denominator of the Green's function in Eq. (3) becomes zero. This fact suggests that the additional self-consistent procedure provides us with the important information about the renormalized energy level of the electrons in the QD. For the single-orbital case in the P configuration, the splitting of the Kondo resonance was obtained using this EOM method 20 . This feature was confirmed by using the numerical renormalization-group calculation 21 . The splitting of the Kondo resonance caused by the ferromagnetic leads is often characterized by the so-called local exchange field 24 . Substituting the self-consistently obtained Green's function into the relation
we obtain the SPES for the localized electron of the QD. Note that the spectral weights obtained by the EOM method are rather underestimated and are quantitatively not accurate, although the spectral profiles are qualitatively correct. The bias-linear conductance is expressed as 34, 36, 37 
is the hybridization between the left (right) lead and the QD. Note that this expression for the conductance is valid, if the Green's function G r lσ (ω) is diagonalized with respect to l and σ. When we consider the QD system with off-diagonal contributions as well as plural electrons, we have to also improve the present EOM formulation. Such a situation is beyond the current interest.
In the calculation, we set a flat band and assume that V iklσ is independent of i, k, l, and σ as V iklσ = V . By these reasonable simplifications, we obtain Γ
, where ± denotes the P(+) and AP(−) configurations, and Γ 0 = 8πρ 0 V 2 is the total hybridization of the left and right leads at p = 0. The conductance takes the form
C. Poor man's scaling approach
We evaluate the splitting of the renormalized QD energy levels for the P configuration using a poor man's scaling approach 26, 27 which is known as a powerful tool to study the renormalization effect in the Anderson model 35 . We reduce the energy scale of the half width of the flat band D to D 1 , where charge fluctuations are quenched. By integrating out the excitations in the energy range between D 1 and D, we obtain the renormalized QD energy levelsε scal l↑ andε scal l↓ . Because of this renormalization, the degenerate two energy levels yield the spin splitting, which is given by
where D 1 is determined from the condition that the lower band edge −D 1 coincides with the lower renormalized QD levelε scal l↑ according to the procedure in Refs. 26, 27 :
We obtain D 1 for given p and D from Eq. (16) . Substituting the obtained D 1 into Eq. (15), we determine the p dependence of ∆ε scal .
III. RESULTS AND DISCUSSIONS
On the basis of the formulations obtained in Sec. II, we carry out the numerical calculations, keeping a vertical QD and Ni ferromagnetic leads in mind. We use Γ 0 in units of energy. We adopt D/Γ 0 = 100, ε 0 /Γ 0 = −2, and temperature T /Γ 0 = 0.005. Since the spin polarization of the Ni ferromagnetic lead is p ∼ 0.3 15 , we direct our attention to the p = 0.3 system and the p dependence up to around p = 0.3.
A. Spin polarization dependence of Kondo effect
We discuss the effects of the ferromagnetic leads in the P configuration on the Kondo effect for ∆ orb /Γ 0 = 0. In Fig. 2 , we show ρ(ω) = σ ρ σ (ω), ρ ↑ (ω), and ρ ↓ (ω) for several values of the spin polarization p. Note that the Fermi energy is ω/Γ 0 = 0. Since we find that ρ lσ (ω) are independent of l, we set ρ σ (ω) = l ρ lσ (ω). In Fig. 2(a) , for p = 0 one conspicuous peak appears at ω/Γ 0 ∼ 0.02, which results from the spin-orbital symmetric SU(4) Kondo effect [12] [13] [14] for U and U ′ ≫ |ε l |. In the SU(4) Kondo system, the Friedel sum rule ensures that the peak of the Kondo resonance appears at ω/Γ 0 ∼ T For p = 0, the Kondo peak splits into three peaks. The splittings can be clearly seen for p ≥ 0.1 as shown in Fig. 2(a) . The energy difference δω/Γ 0 between the right and left peaks becomes large with increasing p, while the middle peak remains significantly at ω/Γ 0 ∼ 0 for finite p. In Fig. 2(b) and (c), we find that the left and right peaks in ρ(ω) originate from ρ ↑ (ω) and ρ ↓ (ω), respectively. Accordingly, it is considered that for finite p in the P configuration the Kondo effect caused by the spin degrees of freedom (the spin Kondo effect) is suppressed as a result of the local exchange field, while the Kondo effect caused by the orbital degeneracy (the orbital Kondo effect) survives. We investigate the origin of the splitting in terms of the poor man's scaling approach. In Fig. 3(a) , we show the spin splitting of the renormalized QD energies (∆ε scal /Γ 0 ) obtained by the poor man's scaling as a function of p. We compare it with the spin splitting of the renormalized QD energies (∆ε eom /Γ 0 ) obtained by the EOM. According to Eqs. (5) and (9), ∆ε eom /Γ 0 can be Fig. 4 : (Color on-line) QD electron numbers, n 1↑ , n 2↑ , n 1↓ , n 2↓ , and ntot as functions of p in the P configuration. ntot = lσ n lσ . The parameters are ∆ orb /Γ0 = 0, T /Γ0 = 0.005, and ε0/Γ0 = −2. Inset: ntot as a function of ε0/Γ0 with p = 0.2. defined as
We find that both calculations are in good quantitative agreement, although ∆ε scal /Γ 0 deviates slightly from the linear p dependence of ∆ε eom /Γ 0 in p 0.2. In Fig. 3(b) , we show the energy difference δω/Γ 0 between the right and left peaks in Fig. 2(a) as a function of p. We find that δω/Γ 0 is proportional to p and agrees with ∆ε eom /Γ 0 quantitatively. Therefore, in the P configuration spindependent charge fluctuations induce the spin splitting of the renormalized QD energy, which results in the linear p dependence of δω/Γ 0 shown in Fig. 3(b) . We next investigate the electron number of the QD in the P configuration. In Fig. 4 , we show n lσ and n tot = lσ n lσ as functions of p. For p = 0, the n lσ values are the same irrespective of l and σ. As p increases, n l↑ increases, while n l↓ decreases. For the up-spin (down-spin) electrons, the hybridization Γ 1 ↑ (Γ 1 ↓ ) is enhanced (suppressed) with increasing p, which results in an increase (decrease) in n l↑ ( n l↓ ). On the other hand, we find n 1σ = n 2σ for p = 0. This result indicates that the orbital degeneracy exists even for finite p in the P configuration, which yields the orbital Kondo effect as shown in Fig. 2(a) . Details will be discussed in the next subsection. The total QD electron number n tot is almost constant irrespective of p and approaches unity with decreasing ε 0 /Γ 0 as shown in the inset of Fig.  4 . This property originates from the strong Coulomb repulsions U and U ′ ≫ |ε l |. As shown in the inset of Fig. 2(a) , the hump structure around ω/Γ 0 = −1 caused by charge fluctuations is almost independent of p. The energy at which the hump structure shows its maximum is shifted from the bare QD energy level ǫ 0 /Γ 0 = −2 toward the Fermi energy because of the correlation effects. 
B. Orbital splitting effects
We investigate the effects of the orbital splitting in the P and AP configurations. In Fig. 5 , we show the SPES in the P configuration for several ∆ orb /Γ 0 values at p = 0.3. For ∆ orb /Γ 0 = 0, the Kondo peak caused by orbital fluctuations appears close to ω/Γ 0 = 0. As ∆ orb /Γ 0 is increased, the peak close to ω/Γ 0 = 0 disappears, which indicates that the Kondo effect has vanished. Instead, multipeaks appear. At ∆ orb /Γ 0 = 0.115, we find a small peak at ω/Γ 0 ∼ 0 as indicated by the arrow, showing that the Kondo effect is restored. When ∆ orb /Γ 0 is further increased, the peak close to ω/Γ 0 = 0 disappears again and the multipeaks appear.
The peak positions in ρ(ω) are determined by the ω dependence of the self-energies Σ Because of these properties, for ∆ orb /Γ 0 = 0, the Kondo peak caused by orbital fluctuations appears and the splitting two peaks appear in ρ(ω). As ∆ orb /Γ 0 is increased, the orbital degeneracy is lifted andε 1σ /Γ 0 (ε 2σ /Γ 0 ) increase (decrease) with the same ∆ orb /Γ 0 dependence as For ∆ orb /Γ 0 = 0.115, we find a noticeable feature: ε 1↑ /Γ 0 andε 2↓ /Γ 0 cross as shown in Fig. 6 and new two-fold degenerate states arise there. The scattering between these two degenerate states can be expressed using the pseudospin-flip process. This process is introduced via the self-energy Σ 3 lσ (ω), resulting in an unconventional Kondo effect. The small peak close to ω/Γ 0 = 0 indicated by the arrow in Fig. 5 is a Kondo resonance caused by this scattering process. Since the respective gradients ofǫ 1σ /Γ 0 andǫ 2σ /Γ 0 are the same, we find only one crossing point as a function of ∆ orb /Γ 0 . Although the ∆ orb /Γ 0 value at the crossing point depends on the parameters, the result does not change qualitatively: The new degeneracy arises at a certain value of ∆ orb /Γ 0 , which can be evaluated from the magnitude of the energy splittingε l↓ −ǫ l↑ at ∆ orb = 0, and the gradients ofε lσ /Γ 0 as a function of ∆ orb . The similar situation has been observed as a singlet-triplet Kondo effect and a doublet-doublet Kondo effect 10, 11 . It is considered that this Kondo effect can be observed in the field dependence of the conductance, which will be described in the next subsection.
The results for the AP configuration are shown in Fig.  7 . For ∆ orb /Γ 0 = 0, the spectral profile is the same as that of the SU(4) Kondo effect shown in Fig. 2(a) . Therefore, the effects of the ferromagnetic leads vanish in the AP configuration for a zero magnetic field. For ∆ orb /Γ 0 = 0.01, we find a single peak and the SU(4) Kondo effect remains there. As ∆ orb /Γ 0 is further increased, the SU(4) Kondo peak splits into three peaks. The peaks at either end move further apart with increasing ∆ orb /Γ 0 , while the middle peak remains at ω/Γ 0 ∼ 0 irrespective of ∆ orb /Γ 0 . In the inset of Fig. 7 , we show the renormalized QD energy levels as a function of ∆ orb /Γ 0 for p = 0.3. We find thatε 1↑ /Γ 0 =ε 1↓ /Γ 0 andε 2↑ /Γ 0 =ε 2↓ /Γ 0 , and that the two levelsε 1σ /Γ 0 andε 2σ /Γ 0 deviate with increasing ∆ orb /Γ 0 . The results indicate that in the AP configuration the orbital Kondo effect is suppressed for finite ∆ orb /Γ 0 , while the spin Kondo effect remains.
C. Conductance
Substituting ρ(ω) for various ∆ orb /Γ 0 values into Eq. (14), we obtain the ∆ orb /Γ 0 dependence of the conductance G. The results for p = 0.3 in the P and AP configurations are shown in Fig. 8 . In the P configuration, the conductance first decreases with increasing ∆ orb /Γ 0 because of the suppression of the Kondo effect. As ∆ orb /Γ 0 increases further, the conductance increases nontrivially and takes a local maximum at ∆ orb /Γ 0 ∼ 0.115. This nontrivial local maximum is caused by the Kondo effect indicated by the arrow in Fig. 5 . By contrast, in the AP configuration, the conductance has its maximum at ∆ orb /Γ 0 ∼ 0.01. We discuss the origin of this maximum. For ∆ orb /Γ 0 0.01, the SU(4) Kondo effect remains as shown in Fig. 7 . However, the spectral weight close to the Fermi energy at ∆ orb /Γ 0 = 0.01 becomes slightly larger than that at ∆ orb /Γ 0 = 0 as shown in Fig. 7 . For further increase in ∆ orb /Γ 0 , the orbital Kondo effect is suppressed. The contributions of two spectral peaks at both ends to the spectral weight at ω/Γ 0 ∼ 0 are reduced with increasing ∆ orb /Γ 0 , leading to a monotonic decrease in G. Accordingly, the conductance has a maximum at ∆ orb /Γ 0 ∼ 0.01.
We now discuss the effects of the polarization p on the Kondo temperature. In the AP configuration, the SU(4) Kondo effects at ∆ orb /Γ 0 = 0 is considered to appear even for finite p and T SU(4) K is independent of p. On the other hand, when p is introduced for ∆ orb = 0 in the P configuration, the SU(4) Kondo effect is destroyed and the SU(2) orbital Kondo effect survives as shown in Fig. 2(a) . We evaluate the Kondo temperature from the inflection point of the temperature dependence of G in the P configuration (not shown in Figure) . For p = 0, we obtain T SU(4) K /Γ 0 ∼ 0.02 for the SU(4) Kondo effect. This value is consistent with that obtained from the peak energy of the Kondo resonance shown in Fig.  2(a) . For p = 0.3, we obtain T SU(2) K /Γ 0 ∼ 0.005 for the SU(2) Kondo effect. These results are reasonable, because T SU(4) K is expected to be higher than T
SU(2) K
. Accordingly, the effective temperature scaled by T SU(4) K for p = 0 is lower than that scaled by T SU(2) K for p = 0.3 in the P configuration. This result qualitatively explains the conductance at ∆ orb /Γ 0 = 0 shown in Fig. 8 , because in the AP configuration the SU(4) Kondo effect appears at ∆ orb = 0: At ∆ orb /Γ 0 = 0, the effective temperature in the P configuration is higher than that in the AP configuration, which yields the smaller G in the P configuration. It is known that the EOM tends to underestimate the spectral weights and thus the magnitude of the conductance 20, 25 . Actually, the conductance for p = 0 and ∆ orb = 0 does not approach the value in the unitary limit 2e 2 /h for the SU(4) Kondo effect. To obtain more quantitatively accurate results, another numerical calculation by, for example, a numerical renormalizationgroup may be effective. Such a research is our future study.
Finally, we discuss the conductance of a vertical QD coupled to two Ni ferromagnetic leads. To develop a quantitative discussion, we use Γ 0 = 30 meV, which was estimated in a C 60 experiment 15 . The range of ∆ orb /Γ 0 = 0.2 in Fig. 8 thus corresponds to ∆ orb = 6 meV. According to the Fock-Darwin state with an electron confinement energy of 3 meV 9 , we evaluate that ∆ orb = 6 meV corresponds to the magnetic field B ∼ 3.5T. On the basis of these results, we discuss the change in the conductance in external magnetic fields 38 . We first set the QD coupled to the Ni ferromagnetic leads in the AP configuration. The conductance in a zero magnetic field is G| B=0 ∼ 0.952 e 2 /h as shown in Fig. 8 . When the magnetic field is increased, the AP configuration changes into the P configuration at B ∼ O(10 −1 )T 15 . When the magnetic field is further increased, we observe a nontrivial local maximum at B ∼ 1.9T and then obtain G| B=3.5 ∼ 0.367 e 2 /h at B ∼ 3.5T. We evaluate the ratio of the change in G as ∆G ≡ (G| B=0 − G| B=3.5T ) /G| B=3.5T ∼ 1.59. This value is nearly twice that in the single-orbital QD coupled to the Ni ferromagnetic leads, where the change ratio in G between the AP and P configurations is estimated to be ∆G ∼ 0.81. Note that ∆G has the same meaning as tunnel magnetoresistance. We have demonstrated that the large gain in ∆G can be controlled by an external magnetic field in a two-orbital vertical QD coupled to two ferromagnetic leads.
IV. SUMMARY
We have investigated the Kondo effect of a two-orbital vertical QD coupled to two ferromagnetic leads using the EOM method. We have shown that in the P configuration the orbital Kondo effect remains, while the spin Kondo effect is suppressed. In magnetic fields, the orbital Kondo effect also disappears, because the energy levels of the QD are completely split. However, at a certain magnetic field, two of the four energy levels cross and the Kondo effect newly emerges there. This Kondo effect can be possibly observed in experiments. In the AP configuration the spin Kondo effect remains, while the orbital Kondo effect is suppressed in magnetic fields. We have demonstrated that the change ratio in the conductance between the AP and P configurations can be controlled by an external magnetic field. In a typical two-orbital QD coupled to Ni ferromagnetic leads, the change ratio of the conductance is larger than that in a single-orbital QD system. iteration of the EOM procedure, we obtain 
where G r ik,lσ (t) ≡ −iθ(t) {c iklσ (t), d † lσ (0)} , Π lσ (t) ≡ −iθ(t) {n lσ (t)d lσ (t), d † lσ (0)} , and Λ lσ (t) ≡ −iθ(t) m( =l)α {n mα (t)d lσ (t), d † lσ (0)} . We perform the second iterations of the EOM procedure for G r ik,lσ (t), Π lσ (t), and Λ lσ (t). For G r ik,lσ (t), we obtain the closed form as idG 
i d dt Z mαnβ,lσ (t) = n mα δ m,n δ α,β δ(t) + (ε l + U n lσ + U ′ n lσ ) Z mαnβ,lσ (t).
We solve these coupled differential equations by the Fourier transformation with respect to t. In the condition of the strong Coulomb interactions U and U ′ → ∞ which corresponds to U and U ′ ≫ |ε l |, we derive the equations for the Green's function as shown in Eqs. 
